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Abstract. We review some aspects of theories with compact extra dimensions. We consider the 
motivation and the theoretical basis of Large, Universal and Warped Extra Dimensions. We focus 
on those aspects that are potentially relevant in the phenomenology at colliders. 



THE NEED FOR PHYSICS BEYOND THE STANDARD MODEL 

Although the Standard Model (SM) is in quite good agreement with experiment so far, 
there are good reasons to believe its validity is limited to energies perhaps as low as 
1 TeV. As far as the SM goes, all we need is the Higgs boson. Its appearance below 
the TeV scale is required by unitary. The discovery of just a Higgs boson at the TeV 
scale, although confirming the SM, would be rather puzzling. This is because our 
understanding of quantum field theory tells us that this is a very unnatural and fine- 
tuned scenario. To see this let us consider radiative corrections to the Higgs mass. These 

Am2- m /~>. + ... 



FIGURE 1. Top loop contribution to the Higgs mass. 

come, at leading order, from loops containing fermions (most notably the top quark, see 
Figure[T]), the gauge bosons, and the Higgs itself. To this order, Am^ is given by 

, , 3 (2Ml + M 2 + m 2 h - Am 2 ) 
Am 2 ~ A — — — — — — (1) 

plus logarithmically sensitive terms. Thus, the Higgs mass squared is quadratically 
sensitive to the ultra-violet cutoff of the SM. If this were to be a theory valid all the 
way to Mp, then either the natural scale for nth is the Planck mass Mp or a rather fine- 
tuned cancellation must take place between the bare Higgs mass and the sum of all 
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corrections to all orders. This cancellation -of about 1 in 10 - is why we refer to the SM 
as fine-tuned. If this does not take place, then why is the weak scale so much smaller 
than the Planck scale ? This is the hierarchy problem of the SM. 

If physics beyond the SM is to solve the hierarchy problem, it has to come not far 
above the TeV scale, so that the corrections of eqn.dU) do not result in > 1 TeV. 
Classic examples of solutions to the hierarchy problem are theories with supersymmetry 
at the weak scale JH] and Technicolor theories [2]. More recently, the idea that compact 
extra spatial dimensions, with typical compactification radii considerably larger than 
the Planck length, could be the solution to the hierarchy problem has gained a lot 
of attention. In what follows, we review three scenarios where this is the case: the 
possibility of the existence of Large Extra Dimensions (LED) [3], Universal Extra 
Dimensions (UED) |0] and finally the so-called Warped Extra Dimensions (WED) 0]. 
We emphasize the theoretical aspects of these scenarios which have some bearing on 
their experimental signals at hadron colliders. 



LARGE EXTRA DIMENSIONS 

A rather innovative solution to the hierarchy problem was proposed in Ref. |3|]: gravity 
appears weak because it propagates in the volume of compact extra dimensions, not 
available to the rest of the SM fields. The extra volume dilutes gravity's strength. The 
Planck scale is not a fundamental parameter in the extra-dimensional Einstein's action, 
but a scale derived from a volume suppression. The fundamental scale of gravity is M#, 
and it satisfies 

M 2 P = M n + 2 R n 1 (2) 

where n is the number of extra dimensions, and R is the average compactification radius. 
Then, in principle, the fundamental scale of gravity could be much smaller than Mp if the 
extra dimensions are big enough. For instance, if we have in mind solving the hierarchy 
problem, then we could choose M* ~ 1 TeV. Then, 

i?~2-10~ 17 10^cm. (3) 

Thus, if we take n = 1, we get that R ~ 10 8 Km, which is certainly excluded. Taking 
n = 2, one has R ~ 1 mm, which is a distance scale already constrained by Cavendish- 
type experiments. For n > 2, we need R < 10~ 6 mm, which is not going to be reached 
by gravity experiments any time soon. 

The fact that gravity propagates in compact extra dimensions leads to the existence of 
graviton excitations with a mass gap given by Am ~ l/R. Then, in this scenario, there 
are new states, with spin 2, and with rather small masses. For instance, for n = 2 the 
Kaluza-Klein graviton mass starts at about 10 3 eV, and for n = 3 at about 100 eV. Then, 
although the couplings of graviton excitations to matter are gravitationally suppressed, 
these states are so copiously produced at high energies (E 3> l/R) that when we sum 
over all these final states, the inclusive cross sections are not suppressed by Mp, but by 
M*: 

E n 



On the other hand, since KK graviton lifetimes are still Mp suppressed they would escape 
detection, leaving large missing energy signals as their mark. The processes that most 
uniquely would point to this physics at hadron colliders are of the mono-jet type, as 
depicted in Figure El Limits from the Tevatron already are available Ja] and are already 




FIGURE 2. Production of KK Gravitons. 

around 0(1) TeV, depending on the number of dimensions. Another signal of LED 
comes from the virtual exchange of KK gravitons. This induces dim-6 operators of the 
form (qYfiY5q) (fY^Ysf) entering, for example, in Drell-Yan production. Moreover, dim- 
8 operators (Tfi V T^ v ), result in // — > YYiZZ, For n = 2, the bounds on M* from the 
contributions of these operators are in the multi-TeV region already Bah 

Astrophysical constraints have played an important role in the viability of the LED 
scenario. The most tight bound comes from Supernova cooling, where graviton KK 
emission could cool the supernova too fast. For instance, for n = 2 this requires M* > 
(10-100) TeV. 

Finally, the proposal that the fundamental scale of gravity, M*, might not be far above 
the TeV scale, raises the possibility that strong gravity effects -such as black holes- might 
be visible at colliders experiments [7], or in ultra high energy cosmic rays |@]. 



UNIVERSAL EXTRA DIMENSIONS 

If - unlike in the LED scenario - we allow fields other than the graviton to propagate in 
the extra dimensions, then constraints on 1 /R are much more severe. This is because the 
couplings of all other fields are not suppressed gravitationally, but at most by the weak 
scale. Naively, we would expect then that bounds on 1 /R climb rapidly to 0(1) TeV, and 
this is what happens Ja] if some of the SM fields other than the graviton are in the bulk. 

However, it was shown in Ref. |4J] that if all fields propagate in the extra dimensional 
bulk (universal extra dimensions), then bounds on l/R drop to considerably lower 
values. The reason is that -upon compactification- momentum conservation leads to KK- 
number conservation. For instance, in 5D, p$ the fifth component of the 5d momentum 
is quantified and given by p$ = n/R, with n the KK number. Among other things, 
this implies that in UED, KK modes cannot be singly produced, but they must be 
pair produced. This raises the bounds both from direct searches, as well as those from 
electroweak precision constraints [ 4] . Furthermore, compactification must be realized on 
an orbifold in order to allow for chiral fermion zero-modes, such as the ones we observe 
in the SM. In 5D, for example, this means an S1/Z2 compactification as illustrated in 
Figure |3j As a consequence of the orbifolding, KK- number conservation is broken, but 
there is a remnant left: the parity of the KK modes must be conserved at the vertices. 
This KK-parity is very similar to R-parity in supersymmetric theories. It still means that 
zero-modes cannot be combined to produce a single KK excitation (for instance in an 



FIGURE 3. Orbifold Compactification. 



s-channel). In addition, KK-parity conservation means that the lightest state of the first 
KK level cannot decay into zero-modes, making it stable and a candidate for dark matter. 

Direct constraints from the Tevatron in Run I as well as electroweak precision con- 
straints on oblique parameters, give 



These rather loose bounds imply that in principle even the Tevatron in Run II still has 
a chance of seeing UED. However, the signals are in general subtle. The reason is that 
-at leading order- all states in the same KK level are degenerate. Radiative corrections 
generate mass splittings [9], but these are still small enough for the energy release to 
be small in the production and subsequent decay of KK states. For instance, if a pair of 
level 1 quarks is produced, each of them might decay as <2il — > Q' L , where the typical 
splitting between the <2il an d the might be just a few tens of GeV, depending on 
the number of extra dimensions (as well as the values of the brane kinetic terms). Thus, 
the quark jet tends to be soft, and this is repeated down the decay chain. In Ref. ifioll . 
the golden mode is identified as being qq — > Q\Q\ -^Z\Z\-\- fij 4£+ fir, where a 
large fraction of the missing energy is taken away by the lightest KK particle (LKP), in 
analogy with typical MSSM signals. 

In fact, the similarity with the MSSM makes distinguishing it from UED a challenging 
proposition. The most distinct aspect of the UED scenario is the existence of KK levels, 
so the observation of the second KK level might be what is needed to tell it apart from 
other new physics 1 1011 . In the 5D case, for instance, level 2 KK states can decay via KK- 
number conserving interactions to either another lighter level 2 state plus a zero-mode, 
or to two level 1 states. In both cases, the energy release is very small. On the other hand, 
localized kinetic terms induce not only additional mass splitting, but also KK-number 
violating (but KK-parity conserving) interactions. These are volume suppressed, and 
therefore there will only be able to compete so much with the phase-space suppressed 
terms mentioned above. 

In the 6D case, however, the decay channel of the second KK level to two level 1 states 
is not present. This is because the generic mass of the second KK level is M2 = v2/R, 
which is smaller than 2/R, the sum of the masses of two level-1 states. Thus, in the 
6D scenario, level 2 KK states can only decay through the localized kinetic terms and 
into two zero-modes. This signal then may be used to distinguish the 5D and 6D cases. 
The energy release is much larger (e.g. two fast leptons of hard jets), and the level-2 KK 
states could be produced in the s-channel (00-2 preserves KK parity) through suppressed 
kinetic terms, which results in a narrow resonance 112I1 . Then, the 6D scenario, well- 
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(5) 



motivated in its own merits (e.g. proton stability [11]) could be distinguished form the 
more typical MSSM-like 5D case. 



WARPED EXTRA DIMENSIONS 

A new solution to the hierarchy problem making use of one extra dimension was 
proposed in Ref. [5]. Unlike the two previous cases, the extra dimension does not have 
a flat metric. In the Randall- Sundrum (RS) setup, the metric is that of Anti-de Sitter in 
5D, and is given by: 

ds 2 = e - 2k ^ r\» v dx^dxy + dy 2 , (6) 

which is a solution of Einstein's equations in 5D, as long as the bulk cosmological 
constant is adjusted to cancel the cosmological constant on the fixed points. Then, the 
branes have a flat metric, as desired. In eqn.® k Mp is the AdS$ curvature and y is the 
coordinate of the fifth dimension. The only scale in the 5D Einstein-Hilbert action is Mp. 
However, when at a distance y from the origin of the extra dimension, all energies are 
exponentially suppressed by a factor of exp (— ky) . Then, if all SM fields, except gravity, 
were confined at a distance L from the origin, the local cutoff would not be Mp but 

A L = M P e- kL . (7) 

This is depicted in Figure |U The compactification is done in the S\/2q_ orbifold, with 
L = tzR. If we want the local cutoff to be the TeV scale, therefore explaining the 
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FIGURE 4. Warped Extra Dimension. The local cutoff is exponentially smaller than Mp. 
hierarchy, we need to choose 

*2?~0(1O), (8) 

which does not constitute a very significant fine-tuning. Then, in the RS scenario, an ex- 
ponential hierarchy is generated by the non-trivial geometry of the extra dimension. This 
scenario already has important experimental consequences. Since gravity propagates in 
the bulk, there is a tower of KK gravitons. The zero-mode graviton has a wave-function 
localized towards the Planck brane and couples to matter with its usual coupling, sup- 
pressed by l/Mp. The KK gravitons, on the other hand, have masses starting at 0(1) TeV, 
and couple to matter on the TeV brane as 1 / (TeV) 2 . Then, KK gravitons can be produced 
at accelerators with significant cross sections. For instance, the Drell-Yan process would 



receive a contribution from s-channel KK gravitons as in qq — > G^ 1 ' — > e + e . This leads 
to the cross sections of Figure |5] 



^ 1 1 1 


"I" 1 , 
(a) - 


t-B (pb) 


\g< 2 > 

1 , . , , 1 , , , , l\ , , , 1 . , 


. lA 


10 -2 
10 -4 


250 500 750 1000 

m, (GeV) 


1350 




FIGURE 5. a Br for the s-channel production of the first two KK gravitons at the Tevatron (a), and the 
LHC (b). From Ref. lUl. 

The RS proposal solves the hierarchy problem because the radiative corrections to m h 
are now cutoff at the TeV scale. The SM operates in our 4D slice. But the mechanism 
of EWSB is still that of the SM. Moreover, the origin of fermion masses (the other 
hierarchy) is completely unexplained, together with a number of other issues ranging 
from gauge coupling unification to dark matter. Allowing additional fields to propagate 
in the bulk opens up a great deal of model building opportunities. In general, unless 
supersymmetry is invoked, the Higgs must remain localized in the TeV brane, or it would 
receive large quadratically divergent corrections of order of Mp, just as in the SM. 

If gauge fields are allowed in the bulk then their KK expansion takes the form 



Afi{x,y) 



1 



(9) 



where X^ n Hy) 1S me wave-function in the extra dimension for the nth KK excitation of 
the gauge field. In the 4D effective theory, there is - in general - a zero-mode A^x)^, 
and a KK tower of states with masses 



m„ ~ (n — 0(1)) x nice 



-knR 



(10) 



starting at 0(1) TeV. Their wave-functions are localized towards the TeV brane. The 
gauge symmetry in the bulk must be enlarged with respect to the SM in order to 
contain an SU (2)l x SU (2)r symmetry. The extra SU (2)r restores a gauge version of 
custodial symmetry in the bulk, thus avoiding severe T parameter constraints 111411 (in the 
dual language of the CFT, there is a global symmetry associated with it, the custodial 
symmetry). 

Just like the gauge fields, if fermions are allowed to propagate in the bulk they will 
have a similar KK decomposition, given by 



^L, R {x,y) 



1 
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(ii) 



where f„ ' (y) are the wave-functions of the KK fermions in the extra dimension, and 
the superscripts L and R indicate the chirality of the KK fermion. Since fermions are not 



chiral in 5D, half of their components are projected out in the orbifold compactification. 
Unlike gauge fields in the bulk, fermions are allowed to have a mass term since there is 
no chiral symmetry protecting it. Then the typical, bulk fermion mass term looks like 




(12) 



where naturally c ~ 0( 1 ) , i.e. the bulk fermion mass is of the order of the AdS curvature 
scale k. The KK fermion wave-functions in this case have the form 



Then, the localization of the KK fermion wave function in the extra dimension is 
controlled by the 0(1) parameter c with exponential sensitivity 11511 . All that is needed to 
explain the wildly varying fermion spectrum is 0(1) flavor breaking in the bulk, which 
could be naturally originated at the cutoff. Fermions with wave-functions towards the 
TeV brane (c < 1/2) will have a larger overlap with the Higgs VEV, and therefore 
a larger mass, of 0(v). Light fermions, on the other hand, will have wave-functions 
localized towards the Planck brane (c > 1/2) . For c = 1/2 the fermion wave-function is 
flat. This is shown in Figure |6j The need to generate a large enough value for m t , forces 



FIGURE 6. Fermions are localized according to the choice of the 0(1) parameter c, the bulk fermion 
mass in units of k, the AdS curvature. 

us to localize the top quark not too far from the TeV brane. Even if we localize tR to 
this IR fixed point, the localization of tL -and consequently b]_,- cannot be chosen to be at 
the Planck brane. If is forced to have a significant overlap with the TeV brane, there 
will be non-universal couplings of both the KK gauge bosons of all gauge fields, and the 
zero-mode weak gauge bosons (W ± ,Z). The latter, result from the deformation of their 
(otherwise flat) wave-function due to the Higgs VEV on the TeV brane. Fermions with 
profiles close to the TeV brane can feel this effect and couplings like Z — > bJ)L would be 
affected H1411 . It would also lead to FCNCs at tree level mediated by the Z, and that could 
be observed in B decays such as b — > £ + £~ 11611 . On the other hand, the KK excitations 
of all gauge bosons would have non-universal couplings to all fermions, and particularly 
to the top and to b^. This could lead to interesting effects in hadronic B decays and CP 
violation, especially when considering the interactions with KK gluons 111 711 . 




(13) 
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Finally, we could ask the question: could we get rid of the Higgs boson altogether 
? After all, it looks a bit ad hoc, localized in the TeV brane. We know that boundary 
conditions (BC) can be used to break gauge symmetries in extra dimensional theories. It 
was proposed in Ref. lfl8ll that the electroweak symmetry could be "broken" by BC in a 
5D theory as a way to replace the Higgs field. The first question would be: what about 
the unitarity of electroweak amplitudes such as V7 + l¥~ scattering ? If the Higgs boson is 
not present how are these amplitudes unitarized ? The answer is that the KK excitations 
of the gauge bosons do the job ifl^l . The actual models that (nearly) work are similar to 
the one we had before on AdSs, but without a Higgs boson on the TeV brane lEoll . The 
BC can be thought of as obtained by the presence of brane-localized scalar fields that get 
VEVs. In the limit of these VEVs — > °°, one recovers the BC. Thus although the origin 
of the BC might be a set of scalar fields getting VEVs, these need not be at low energies. 
It is in this sense that the theory is Higgsless. 

The other question is how do fermions get their masses ? With the appropriate choice 
of BC the bulk gauge symmetry breaks as SU(2) L x SU(2) R x U(\) x -> £/(1)em- But 
the BC restrict the gauge symmetry differently at different fixed points. This can be seen 
in Figure|7] The BC restrict the symmetry at the TeV brane to be SU (2)l + r = SU (2)y, 
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FIGURE 7. A Higgless model of EWSB and fermion masses, 
which allows us to write brane localized vector mass terms such as, for instance 

y f = J d A x J dy8(y - 7tR)^{M u q\if a + M d qy d +- ■ •} , (14) 

where M u and M d are ~ 0(1) TeV, and q, and Xj/j a left-handed, right-handed up 
and right-handed down quarks respectively. Thus, the fermion mass hierarchy is still 
generated by 0(1) flavor breaking in the bulk fermion mass parameter c. The difference 
now is that the masses are generated by the overlap with a vector mass term as opposed 
to the Higgs VEV Thus from Figure|7]we see that the problem of flavor violation coming 
from the need to have a heavy top quark is still present here iflfill . 

The electroweak constraints on these kinds of theories are quite important. For in- 
stance, the S parameter is given by lfl6ll2lll 
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(15) 



where in the second equality, Af refers to the size of the gauge group in the dual 4D CFT 
Thus, for large N, which in the AdS$ side corresponds to a weakly couple KK sector, 



the S parameter tends to be larger than experimentally acceptable. Several possibilities 
have been considered in the literature to deal with this problem. For instance, negative 
S contributions might be induced by TeV localized kinetic terms I22L however there is 
always a constraining combination of S and T u23\ . More recently, Ref. Il24ll advocates 
peeling light fermions off the Planck brane in order to reduce S. This amounts to shift 
the couplings of light fermions to the gauge bosons, reabsorbing in the process some, 
or even all, of S. Finally, one might take the result in eqn. (fT5l) as an indication that N 
must be small. This pushes the theory into the realm of a strongly coupled KK sector. 
This is the scenario entertained in Ref. lfl6ll . The result are theories where the KK sector 
is not well defined since KK states are not narrow, well spaced resonances. In this case, 
there is no gap between the TeV scale and the cutoff of the 5D AdSs theory where we 
could defined individual, weakly coupled states. We would expect one broad resonance 
encompassing all the KK states. Above the cutoff of a few TeV, stringy dynamics come 
into play. This scenario is quite reminiscent of a Walking Technicolor theory. This can be 
seen in the schematic phase diagram of FigureO where the 't Hooft coupling g 2 N/\6n 2 
is plotted against energy. Here, A is the energy scale where the CFT group exhibits non- 

16 Jt 




FIGURE 8. The 't Hooft coupling vs. energy scale for various theories. From Ref. 1 16]. 

trivial IR dynamics. In the large N limit, it is possible to calculate S reliably in the 5D 
AdSs theory. This is not the case in the Technicolor and Walking Technicolor theories. 
However, as N is taken to be smaller, reliability may be lost in the 5D theory too. In any 
case, large or small N, the electroweak corrections come mostly from E ~ A, where all 
theories will give similar results. However, at higher energies the theories may be quite 
different, with the dual of the AdS$, a conformal theory with a 't Hooft coupling above 1 
all to way to high energies. The question remains whether or not our knowledge of these 
differences can be put to use to improve our understanding of strongly coupled theories 
at the TeV scale. Perhaps, EWSB is a consequence of a 4D conformal theory and the 
study of 5D theories could help illuminate some of its technical aspects. 
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